This article presents tools used in the Theory of Inventive Problem Solving (TRIZ) which are useful when assessing the evolution direction of technical systems. The following matters are discussed: the S-shaped curve, laws (trends and lines) of the evolution of technical systems, multi-screen diagrams, as well as analysis of evolutionary potential. Inventive laws formulated by Gienrich Altshuller as well as laws previously formulated by a Polish writer and promoter of knowledge, Aleksander Głowacki, writing under the pen name Bolesław Prus, have been presented. Finally the innovation roadmaps have been shown. The use of individual tools has been supported by practical examples taken from research performed by the authors, and the usefulness of individual methods was evaluated. All methods have been compared and evaluated.
INTRODUCTION
TRIZ is the acronym from the Russian Теория Решения Изобретательских Задач, i.e. "Theory of Inventive Problem Solving" and constitutes an extensive methodology for solving complex technical, marketing, and organizational problems. The creator of this methodology is the Russian inventor and engineer, Gienrich Altshuller (1926 Altshuller ( -1998 . When he worked in the Inventions Section of the Caspian Navy, and analysed many patents, which led him to the conclusion that, since technical systems evolve according to certain rules, these rules can be discovered and used to create algorithms for solving inventive tasks [12] . Even though TRIZ has existed for several decades, it is still not a popular methodology, primarily because of its complexity, the large number methods that are part of the methodology, and the lack of a single standard for them [9] . Nevertheless, if we familiarize ourselves with these methods and use them, we will gain opportunities to develop current technologies and to analyse the potential directions of their evolution, which is one of the key issues in innovation management processes [16, 21, 23] . This observation prompted the authors to compile this work, which discusses and comparatively evaluates which TRIZ methods are the most important and helpful in the analysis of trends during the evolution of complex technical systems.
THE LOGISTIC CURVE
One of the basic tools for evaluating the evolution of systems is the logistic curve, which is also called the S-shaped curve [32] . This tool, shown in Figure 1 , is a good representation of the evolutionary progress of a technical system. Six primary evolution stages can be distinguished on this curve [34] . In stage 1, even before the formation of the technical system, the conditions necessary for the creation of a given system are in place. In stage 2, due to intensified creative activity, the baseline form of the technical system emerges and slowly evolves. In stage 3, an intensive evolution of the system is observed because of its interaction with users and their positive feedback on the system. The system becomes fully mature in stage 4, wherein inventors begin to run out of concepts and resources to further develop the system and turn their attention towards improving the main parameters of value. In stage 5, due to the evolution of competitive systems which have superior characteristics, the system's aging process begins. Stage 6 corresponds to the regression of the system because of its limited, but still present, applicability. Fig. 1 The curve of the total evolutionary progress of the technical system. Dynamics of changes described by functionality F and costs C. Source: [21, 31] D. CHYBOWSKA, L. CHYBOWSKI -A review of TRIZ tools for forecasting the evolution… 175
The S-shaped curve of system evolution is substantially related to the inventive number and level, as well as the profitability of the system implementation [24, 31] . These relationships are shown in Figure 2 . Fig. 2 Relationships between the function of the S-shaped curve, inventiveness, and profitability over the course of evolution of a technical system Source: [31, 29] .
Once the evolving system has reached the endpoint of the S curve, further use of the product is possible by identifying market niches in which the current system can be applied. On the other hand, the further development of the product in the initial area of application is possible by making significant changes to the system, such as new functionalities that suit customer expectations. Therefore, this region of the curve is the implementation of another system and the transition to a new S-shaped curve of system evolution. The next curve illustrates the development of the system resulting from the improvement of the reset main parameter of value. Figure 3 presents the system evolution and transition to successive curves that describes new parameters of value that are relevant for users, using the development of telephony as an example. The example shown in Figure 3 illustrates how the needs of telephone network users change over time, which corresponds to the transition of the system to successive S curves after reaching the maturity level by attaining a specified main parameter of value. The key aspect in the initial development of telephony was the development of infrastructure, building a distributed telephone network, and the provision of an effective connection system. The next stage was the introduction and refining of the mobility of telephone systems. The introduction of mobile phones led manufacturers to meet the requirements for improving the quality of calls and to maximize the channel capacity. Further development led to the creation of smartphones, devices that integrated various functions previously available in autonomous systems (voice calls, text messages, multimedia messages, email, radio, multimedia player, calculator, organizer, calendar, mobile applications, etc.). 
TRIZ LAWS AND TRENDS OF TECHNOLOGY EVOLUTION
As early as 1873, a Polish writer and promoter of knowledge, Aleksander Głowacki, writing under the pen name Bolesław Prus, proclaimed three main laws of inventiveness [29] : − The law of graduality: no invention or discovery is immediately perfect, but rather it is created through gradual improvement; − The law of dependence: each invention or discovery can only be made based on knowledge of previous inventions and discoveries; − The law of combination: each invention or discovery is a combination of earlier discoveries and inventions. More than 80 years later, Gienrich Altshuller who was developing his life's work -the algorithm of inventionalso described certain regularities in the evolution of technical systems, which he called "the laws of technical systems evolution" (PRST) [5, 24] . In his work [1] , which according to [33] is considered to be the most important of Altshuller's publications, the creator of TRIZ stated that the laws of technical systems' evolution are real, constant, and repetitive relations exist between elements inside the system and those in the external environment. These relationships are involved in the progressive evolution, namely the system transition from one state to another with the purpose to improve its functionality. Altshuller also stated that these laws can be learned and used to develop new ideas. Table 1 summarizes PRST laws proposed in 1975 by Altshuller, who, while maintaining the analogy with the division of mechanics into 3 main branches, classified PRST as follows: − The laws of statics that apply to new systems; − The laws of kinematics that apply to the evolution that is independent of conditions in which a system evolves; − The laws of dynamics that apply to the evolution of systems under specific conditions. The application of selected laws of evolution are plotted together with an S-shaped curve, and the representation of an increase in the level of a system's Su-Field (substance-field models) using the example of a hammer is presented in Figure 4 . The listed "laws" are neither precise nor absolute, which is why they do not follow the contemporary scientific definition of laws, where they define a constant relationship between properties of things or events. Individual laws of evolution (PRST) include trends (lines) of the evolution of technical systems. Fig. 4 The increase in the degree of Su-Field interactivity interactions and its relation to evolution of the technical system using the example of a hammer Source: [34] . • Objects with a higher degree of control.
• Fields with a higher degree of control.
• Visible transparency increase.
• Use of senses.
• Level of Automation Increase.
• Human Involvement Decrease The evolution of a hammer, from a hewn-stone hammer to a steam hammer made by James Nasmyth in 1842 [4] .
Law of Energy Conductivity of a System:
The energy conductivity of all parts of the system is the necessary and essential condition for the operation of a technical system. Lines of the evolution of systems:
• Adaptation of a field to existing substance.
• Reducing energy loss.
Evolution of a mobile phone in terms of increasing transmission speed/data throughput: 1G (analogue) telephones and 2G, 3G and 4G respectively.
Law of Harmonizing Rhythms of Parts of a System: The synchronization (or intentional desynchronization) of vibrations (periodic actions) of all parts of a system is a necessary and essential condition for the operation of a technical system. Lines of the evolution of systems:
• Coordination /de-coordination of operating frequencies.
• Actions coordination.
• Action evolution.
• Shape/form coordination.
The law uses the intensification of action by changing the nature of action: continuous to pulse-wise, pulse-wise to resonant, resonant to multiplied, and finally to the use of the current wave. An example of implementation of this law is the hand-held drill, which has been improved with the impact feature that makes drilling in walls easier.
Laws of kinematics Law of Ideality Growth:
The evolution of all technical systems takes place towards increasing the degree of ideality. Lines of the evolution of systems:
• Geometry evolution (linear evolution, volumetruic evolution, symmetry, asymmetry).
In line with the assumptions of TRIZ, an ideal system is one that does not exist, but whose function is performed. Each system tends to improve effectiveness, reduce the space occupied, minimize the weight and operation process duration, improve the reliability, etc. Law of Uneven Evolution of System Parts: The evolution of parts of a technical system is non-uniform, meaning that the more complex the system is, the more uneven the evolution of its parts will be.
During the last decade, concepts were much more diversified in the development of ship propulsion systems than in modifications to ship hulls. Law of Transition to a Supersystem: A technical system that has reached the limits of its evolution can continue to evolve at the supersystem level. Lines of the evolution of systems:
• Systems merging.
• Mono-bi-poly evolution.
• Convolution.
A one-colour pencil was replaced with a two-colour pencil, then with a multi-colour pencil, after which the drawing function was "transferred" to a printer.
Laws of dynamics Law of Transition from Macro to Micro-Level:
The working organs of the system do initially evolve at a macro level, then the evolution is broken into micro-level processes Lines of the evolution of systems:
• Object segmentation.
• Surface segmentation.
• Volume voidness increase.
Segmentation of an object takes place when the solids used are subsequently replaced with granulate, powder, gel, liquid, gas, and plasma. For example, the typewriter was replaced by inkjet printing, which in turn was replaced by laser printing.
Increasing the degree of substance-field interactions Systems tend to increase the number of elements and interactions between elements
An incomplete system is completed to form a minimal technical system (consisting of two substances and one field), and the latter system is extended to form, for example, a chain substance-field or dual substance-field [8] . [34] . Lines of the evolution of systems:
Law of Increasing Degree of Dynamics of System and Elimination of Human Involvement: To increase their efficiency, systems should become dynamic, that is, transform into flexible structures and quickly adapting to environmental conditions. The increase of dynamics, adaptability and versatility helps to decrease the involvement of a person necessary to control a system
• Increasing the degree of freedom (dynamics) of an object.
• Increasing the dynamics of a substance.
• Increasing dynamics of a field.
A flat ruler was replaced by a folding joiner's meter, which, in turn, was developed into a measuring tape, then into a laser distance meter.
Source: compiled on the basis of [1, 5, 34] .
SYSTEM OPERATOR
Another tool used in TRIZ is the multi-screen diagram, also known as a system operator. This is a tool used to assess changes in successive generations of a system that occur during its evolution over time (past, present, and future) and at different system levels (supersystem, system, and subsystems). Based on a comparative analysis of past generations, it is possible to predict future directions of a given system's evolution. Figure 5 presents the evolution of container ships with large cargo capacities, considering the location of these ships in the global fleet, as well as their structural components (hull and propulsion system). The analysis also includes a forecast of the evolution of the system. Important elements of the development of this technology are the speed of the ship, capacity of the ship, and the emission of harmful substances in the exhaust gases of the propulsion engines. Since it is the most common number of fields in a system operator, a multi-screen diagram is often called a 3x3 diagram or a 9-screen diagram. However, an analysis may be more extensive, and it may cover different levels of decomposition, e.g., 3x4, 4x3, 4x4, 5x5, etc. For example, the level of the subsystems may include a breakdown into functional systems/tissues, while those can be further broken down into working nodes/cells, and those into base elements/cellular organs, etc. Similarly, regarding the time scale, both the past and the future evolution of the system can be analysed at different points of the time axis, e.g., by analysing the evolution of the system in the future, e.g., in a month, in a year, in 10 years, etc. 
ANALYSIS OF THE SYSTEM'S EVOLUTIONARY POTENTIAL
An evolution potential analysis is one of the tools used to assess the potential for the evolution of a system and thus to indirectly indicate the potential future generations of the analysed system. It is a simple tool used to present the multi-criteria state of the analysed technical system. Miscellaneous versions and applications of this tool have been presented in various works [15, 19, 40] and have also been implemented in computer-aided innovation tools [2, 14, 26] . The analysis is carried out for various criteria, which may be the system evolution stages and evolution lines, as well as the specific features of the system within a given domain group. Each feature is assigned a specific value, usually stepwise, which corresponds to the degree of fulfilment of a given criterion. A convenient solution is to use a 0-10 scale. The results are represented with a radial graph by connecting the points that represent how well the analysed technical system fulfils the individual criteria (i.e. the level of evolution of particular trends and lines of evolution). An example of the analysis of the evolutionary potential of a classic marine engine fuel injector is presented in Figure 6 . The analysis included the results and findings presented in other reports [3, 17, 18, 28, 30, 41] .
Fig. 6 An example of the analysis of the evolutionary potential of a classic marine combustion engine fuel injector
The field inside the graph illustrates the present status of the system, while the area not covered by the graph represents possibilities for further evolution of the system. For example, increasing the dynamics (number of degrees of freedom) of the above classic injector is possible by introducing additional fields in the control system, whichin the form of an electrical field -was done using piezoelectric injectors, which are an advanced form of the analysed technical system. Another example may be an increase in the level of surface segmentation, which is presented in the paper [22] for an injector needle.
THE INNOVATION ROADMAP
Another tool that supports the process of technology development forecasting is the innovation roadmap. By analysing the evolutionary potential of a system, one can identify miscellaneous variants to improve particular features of a system by identifying sample solutions aimed at improving the product. For each of these solutions, a target level of fulfilment of specific trends and lines of evolution is determined. The outcome is the selection of the most useful solutions, which provide the greatest improvement in the system [19, 34, 39] . Individual solutions can be evaluated using decision-making methods, e.g., evaluation matrices or AHP [10, 11] . Examples of criteria to be considered are: improvement in the efficiency of the implemented process, increase in the quality, reduction of harmful impact, reduction of production costs, product adaptation to the company's business model, improvement of the operation security, increase in reliability, etc. Aggregated or total values of individual solutions are set for the above-mentioned evaluation criteria. At the same time, the amount of time needed to implement individual solutions should be assessed. Individual pairs of solution values and the time taken to implement this solution are plotted on the innovation roadmap. An example of such a model for the analysis of the potential for developing a marine engine fuel injector is shown in Figure 7 . 
COMPARISON OF METHODS
The main advantages and disadvantages of each tool are summarised in Table 2 . Table 2 Comparison of TRIZ tools for assessing the development of technical systems
Tool
Advantages Disadvantages
S-shaped curve
The tool allows for a rough assessment of where the system is in its development in terms of a selected main parameter value (MPV).
The tool allows convenient retrospective analysis of multiple generations of the system from its creation to-date.
The tool is difficult to apply in order to determine the exact phase of product development, primarily because many main parameters of values (system characteristics) are developed simultaneously.
The tool has limited applicability for systems with highly-dynamic development changes (e.g., due to sudden breakthrough discoveries)
"Laws" and lines of technology development Individual trends allow for a convenient assessment of the potential of technical systems' development in terms of selected criteria, e.g., energy conductivity, dynamics of function implementation, coordination of activities, etc.
Individual trends are fulfilled with varying intensities for different products and their operation stages (state-of-theart, technological performance, changing consumer needs, etc.) "The laws of evolution" reflect the most common evolution tendencies but are not without exceptions in applicability. Therefore, they are not laws according to the scientific definition of the term (e.g., Archimedes' principle is a law).
Multi-screen diagram
The tool makes it possible to assess the past stages of technical system evolution and to infer conclusions about the future on this basis.
The tool allows the system to be evaluated at different levels of decomposition With multiple "screens", the tool can be difficult to use.
Evolutionary potential analysis
The tool allows for practical visualization of potential paths of technology development in terms of effectiveness of solutions and time to implement them.
The tool makes the comparative analysis of competing systems possible.
The assessment of the state of technology evolution may be subjective, so it is advisable to use additional analyses, e.g., surveys among experts or product users.
The obtained results of the evaluation of the system's evolutionary potential will be based solely on the criteria adopted during the analysis. Therefore, it is necessary to elaborate preliminary assumptions for the evaluation of the technology development
The innovation roadmap
The tool allows for selection of possible solutions that are being developed and for rejection of technologies that are not very effective.
The analysis of the effectiveness and time of implementation requires know-how and may be carried out subjectively by experts.
SUMMARY
All the tools listed in this article can be used to evaluate the development directions of technical systems at the problem analysis stage and to search for solutions. The presented tools can be used not only to predict the development of technology but also to actively develop and create solutions for the future. The issue of targeted product evolution has been described in other works [19, 27, 39] . In addition, Ideation International, Inc. is developing a specialized TRIZSoft® software that supports the targeted evolution process [20] . The presented methods can be used together or individually. They can also be used as an addition to other TRIZ tools [2, 7, 13, 25, 35, 36] , as well as to other methods that forecast the development of technical systems and the evaluation of evolutionary potential [6, 13, 19, 26, 37, 38] . The universality of the methods presented, allows one to analyse objects other than technical systems, e.g., a company's organisation, business strategies, scenarios of events in crisis management, etc.
